Abstract-There is an impetuous need for easy-to-build electrical machines with high specific thrust for various applications. The paper deals with a new modular variable reluctance tubular machine. It is a transverse flux machine without permanent magnets. Its construction is detailed and the novelty of the proposed structure is emphasized. A sample machine is analyzed by analytical and numerical means. The results of the analyses are validated by testing a laboratory model of the motor.
INTRODUCTION
The linear electrical machines gain more and more importance in various industrial applications, as transportation [1, 2] , healthcare [3, 4] , energy conversion [5] and several others [6, 7] . Most of the researches were focused on flat-type or tubular structures with permanent magnets (PMs) due to their high efficiency, high power/force density and excellent servo characteristics.
However, these machines have several disadvantages mainly related to the permanent magnets: environmental limitations (high temperature, corrosive surroundings), unsure availability of the magnets, the difficult manufacturing technology and high costs [8] . For these reasons, linear machines without PMs (especially variable reluctance types) could be of real interest in diverse industrial applications.
One of the major shortcomings of all flat-type linear machines is the great attraction force between the armatures, about ten times bigger than the traction tangential force [9] . This drawback can be removed by considering two alternatives to the flat-type structures: double sided and tubular structures. However, a very precise adjustment of stator and moving armatures axes must be achieved. Otherwise the eccentricity faults could have a negative influence on the behavior of this cylindrical structure [10] . Some of the major advantages of tubular variable reluctance machines, both with open or closed magnetic circuit, are given in [11] . In [4] , an application of a six phase machine, with longitudinal flux paths, driving a pump for heart assistance circulatory is reported. In [12] , the performances of three and four-phase tubular linear stepping motors are analyzed. In [13] , the authors of this paper studied a combination of a usual rotational switched reluctance machine (SRM) and a special linear SRM with several mover modules on its shaft that can perform both rotary and linear movement. One of the most important advantages of the tubular machines without PMs is given by the possibility to use them in high temperature environments where the absence of the PM becomes a significant advantage.
The authors have studied intensively the flat-type modular linear transverse flux reluctance machine, both with hybrid and electromagnetic excitation, with very similar performances of the two machines. Thus, a flat-type linear transverse flux motor with PM was presented in [14] . This machine with hybrid excitation was obtained as a combination between the already usual rotary variant of a PM transverse flux machine with passive rotor and a modular hybrid linear motor. In this case, the design, as for several rotary structures [15] [16] [17] , had started from the volume of the PM needed in order to obtain the imposed force. In [18] a simpler structure, without PMs, was analyzed. A comparison between these variants was presented in [19] , evidencing the similar characteristics. In the case of the machine with electromagnetic excitation, for a novel structure like the one studied there, such a design algorithm is considerable difficult to be created. However, it must be taken into account that this structure has the advantage over the one with PM of a lower mass and price and a less complicated construction.
The machine taken into study is the tubular variant of the above mentioned modular flat-type linear transverse flux reluctance machine with electromagnetic excitation. The basic elements of its structure and design algorithm, along with the results of the preliminary numerical analysis are given in [20] . A more detailed presentation of the modular tubular transverse flux reluctance machine (MTTFRM) is given in this paper. An analytical analysis based on the magnetic equivalent circuit and a numerical analysis using 3D FEM are performed here on a designed sample MTTFRM. A laboratory model of the machine was built up. The performed experimental tests validated the results of the analyses.
The machine is suitable for applications where severe space and environmental limitations are imposed, or when high precision is required. The effectiveness of linear variable reluctance machines for such applications has been reported in [13, 21] . A short analysis concerning the employ of the proposed machine for such applications is also given in the paper.
THE MTTFRM STRUCTURE
The MTTFRM is a multiphase machine. The minimum number of the required N stator phases for a continuous movement is three [21] . The basic structure of the machine is given in Figure 1 . The sum of the length of an axial tooth (t s on the stator, t m on the mover) and of a spacer (s s on the stator and s m on the mover) is the common tooth pitch τ , Figure 3 . The lengths of the axial teeth on both armatures are equal. In order to work properly the stator phases have to be shifted by s m + τ /N , which is assured by using proper non-magnetic spacers. The step length of the motor (d i ) depends on the pole pitch τ and the number of phases N :
The size notations of a magnetic piece are explained in a cross sectional view through the motor, Figure 4 . As shown in Figure 4 (a), each module has an independent winding. Concentrated coils are used, as in the case of the SRM [22] .
The windings of a phase, as well as the coils of a module, can be connected in series or in parallel. The advantage of a parallel connection is the increased fault tolerance of the motor [23] .
When supplying a winding of a phase the teeth of that module will tend to align with the teeth of the mover. For the position given in Figure 3 , in order to obtain a movement of the motor to the left, the succession in which the phases must be supplied is A, C, B. MTTFRM is controlled by a dedicated driver, similar to that used at a classical SRM. So, only a single phase is energized at each time and consequently only a single phase is generating traction force. The total force is the one given by one module multiplied by the number of modules of a phase.
The proposed MTTFRM can be used in precise positioning applications. Considering the requirements of such an application (imposed outer radius, rated supply voltage etc.) the basic starting design data were established. These data and some other necessary imposed design values are given in Table 1 .
By applying the design algorithm detailed in [21] a sample MTTFRM was sized. The imposed design data of the MTTFRM are given in Table 2 .
The next sections are dealing with the analytical, numerical and experimental analysis of the designed MTTFRM. 
ANALYTICAL ANALYSIS
The analytical analysis was performed by using the magnetic equivalent circuit (MEC) of a MTTFRM axial tooth of the stator and of the mover [24] . Despite the radial symmetry, the task to create a simplified MEC is difficult due to the influences of each pole on the neighboring ones. Hence, a quite complex MEC is obtained, as shown in Figure 5 . Figure 5 . MEC of an axial tooth of the stator and of the mover.
The goal of the analysis is to compute the value of the air-gap flux density in the aligned position of the teeth of the two armatures and to compare it with the imposed one.
The flux densities in different parts of the machine (pole, yoke, mover, air-gap) have to be computed. The magnetic fluxes are computed by solving the equations system written by applying the Kirchhoff's laws for the MEC:
The index notations used in (2) are: g -air-gap, p -pole of a module, y -yoke, m -mover, ss -leakage in the air-gap, sp -leakage between two neighboring poles. The fluxes obtained after solving the system are given in Table 3 . The percentage values of the fluxes with respect to the flux through the pole, considered as the reference value, were calculated and are given in Table 3 .
The resulted flux density values are presented in Table 4 . The employed analytical analysis provided a value of the air-gap flux density close to the one imposed during the design.
NUMERICAL ANALYSIS OF THE MTTFRM
The performances of the designed MTTFRM were verified via finite element analysis (FEA). The complex three dimensional (3D) flux paths of the machine require a three-dimensional analysis [25] . Hence the magneto-static module from Cedrat's Flux 3D package was used [26] .
Due to the radial symmetry, only a single stator pole of a module, the neighboring slots and the nearby mover part were modeled. However, it must be considered that the neighboring axial teeth of the mover have a significant influence on each other. From this reason the used geometric model, presented in Figure 6 , consists of a single stator pole of a module, the neighboring slots and five mover corresponding parts and the non-magnetic spacers between them.
Based upon the results obtained with the simplified model, the solution for the entire structure has been computed in Flux 3D.
The mesh of the model has 107,464 nodes and 633,783 volume elements. The number of excellent quality elements is 63.37%, while the number of poor quality elements is 0.59%. These are very good values of the mesh for a 3D model and assure fairly accurate results [26] .
The FEA focused on computing the flux density distribution in the machine and the developed traction force. Next, the most significant results of the analysis are discussed.
The flux density map in the aligned position of the stator teeth with the mover teeth is given in Figure 7 . The variation of the flux density modulus on radial direction (from inside to the exterior), in the aligned position of the teeth, is given in Figure 8 . It can be seen that the flux density values in the pole, yoke and mover are close to the ones obtained via the analytical analysis.
The flux density in the air-gap, plotted along a circular arc with the radius equal to the mean radius of the air-gap is given in Figure 9 . Due to the symmetry of the machine only the plot along the 1/Z of the total circumferential length has been plotted.
Both in Figures 8 and 9 the computed values are marked with black dots and the red curve was fitted to them. These numerical results are in good agreement with the data obtained via analytical computations. The traction force versus linear position static characteristic has been determined. The force was computed against a relative mover displacement equal to half of the pole pitch (5 mm). The step between two successive positions was 0.5 mm. It should be mentioned that the traction force is proportional with m and Z. The total force was calculated by multiplying the obtained value with Z and m. (Z · m = 12 in the case of the machine in this study). In Figure 12 , a comparison between numerical and experimental static characteristic of the traction force is presented.
LABORATORY TESTS
The laboratory model of the designed MTTFRM was built. The main components of the machine are shown in Figure 10 The assembled machine is presented in Figure 10 In order to perform the static measurements, the test bench given in Figure 11 has been built. It consists of: (a) the MTTFRM, (b) auxiliary power supply, (c) PLC Controller, (d) motor power supply, (e) PIC controlled linear driver with firmware motor control software, (f) Fluke ScopeMeter used for signal display, (g) laptop for control and monitoring, (h) emergency stop push button, (i) HBM force sensor of PW6KC3MR type (20 kgf-500 R1).
The static characteristic of the traction force versus the linear displacement, plotted in Figure 12 , was obtained using the force measurement system integrated in the laboratory setup.
As it can be seen, the experimental results confirmed the outcomes of the FEA. The small differences are due to measurement errors, construction inaccuracies and the use of magnetic materials with lower quality than of those designed. 
CONCLUSIONS
A novel topology of a tubular motor with a modular construction was analyzed. Its innovative construction involves the alternative use of very simple magnetic and non-magnetic pieces for the core assembly. This allowed a smaller mass of the machine than using a compact iron core. Beside this advantage, the lack of the PMs led to a relative small price of the machine.
A good accordance between the analytical and numerical analyses of the flux densities in different parts of the iron core has been found. In order to obtain the variation of the force versus the displacement, the experimental tests were performed on a laboratory model. The static characteristics of the computed and measured traction forces are relatively close. The maximum traction force developed by this low cost, small volume, simple machine has relatively great value.
The MTTFRM can be used in typical applications of the linear variable reluctance motors, such as precise position control, healthcare, robotics, advanced manufacturing systems, etc. It is also a good alternative to other conventional linear motors, with or without PMs. 
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